This study was conducted to detect quantitative trait loci (QTL) for thirteen growth and meat quality traits in pigs by combing QTL experimental populations. Two F 2 reference populations that were sired by Korea native pig (KNP) and dammed by Landrace (LN) or Yorkshire (YK) were generated to construct linkage maps using 123 genetic markers (mostly microsatellites) and to perform QTL analysis on porcine chromosomes (SSCs) 1, 2, 3, 6, 7, 8, 9, 11, 13, 14, and 15. A set of line-cross models was applied to detect QTL, and a series of lack-of-fit tests between the models was used to characterize inheritance mode of QTL. A total of 23, 11 and 19 QTL were detected at 5% chromosome-wise level for the data sets of KNP×LN, KNP×YK cross and joint sets of the two cross populations, respectively. With the joint data, two Mendelian expressed QTL for live weight and cooking loss were detected on SSC3 and SSC15 at 1% chromosome-wise level, respectively. Another Mendelian expressed QTL was detected for CIE a on SSC7 at 5% genome-wise level. Our results suggest that QTL analysis by combining data from two QTL populations increase power for QTL detection, which could provide more accurate genetic information in subsequent marker-assisted selection.
INTRODUCTION
In the last several decades, pig QTL studies have been aimed at detecting QTL to improve efficiency of pig production as well as to ensuring nutritional meat products for pork consumers (Rothschild et al., 2007) . So far, a large number of QTL for pig production and meat quality has been identified (5,466 QTL in PigQTLdb, www.animalgenome.org).
Since the 20th century, Korean native pigs (KNP) have drastically decreased due to their low productivity in Korea (Kim et al., 2002) . The KNP possesses unique genetic characteristics that are distinct from European pig breeds (Kim et al., 2002; Jeon et al., 2003; Kim et al., 2005b) . However, the KNP has good meat qualities such as high glucose content, low fat and low cholesterol Kim et al., 2005a) .
QTL analysis by combining multiple QTL populations has been studied. By joining genotypic and phenotypic data from different populations, the power to detect QTL and the accuracy of estimating QTL effect has increased (Dekkers et al., 2003; Kim et al., 2005c) .
QTL models with parent-of-origin effect have been implemented to identify genes that have gene expression patterns in non-Mendelian patterns. The parent-of-origin effects can be estimated whether QTL alleles that descend from either parent contribute to offspring phenotypes (de Koning et al., 2002) . In several QTL studies, successful discoveries of QTL with parent-of-origin effects for growth, body composition and meat quality were reported in pigs (Thomsen et al., 2004; Guo et al., 2008; Liu et al., 2008) .
There are several reports, in which QTL for growth and meat quality were detected in KNP populations Kim et al., 2005a; Kim et al., 2007) . However, these QTL studies were based on single QTL experimental populations.
The objective of this study was to identify and characterize QTL for growth and meat quality traits by joining two KNP populations.
MATERIALS AND METHODS

Population structure, phenotypic and molecular data
Two F 2 resource populations were constructed with KNP sires and Landrace (LN) or Yorkshire (YK) dams. The F 0 , F 1 and F 2 individuals from the KNP×LN and KNP×YK crosses were raised at National Livestock Research Institute in Songhwan and Cheju, Korea, respectively. In the KNP× LN (KNP×YK) cross population, five (5) KNP sires and nine (19) LN dams were mated to produce F 1 s, of which 11 (23) sires and 30 (33) dams were selected and mated to produce 193 (251) F 2 offspring. The F 2 individuals were slaughtered at approximately seven months of age. Some details about raising and management of the experimental population and data recording were described in Choy et al. (2002a) , Choy et al. (2002b) , and Moon et al. (2009) .
Thirteen traits for growth and meat quality that were measured in both populations were selected; live weight at slaughter (kg), crude ash (%), crude protein (%), crude fat (%), drip loss (%), cooking loss (%), water holding capacity (%), shear force (kg), ham pH 2 4-h, CIE L, CIE a, CIE b, and moisture (%) of meat. Table 1 contains the mean and standard deviation for the respective growth and meat quality traits.
At slaughter, animals were stunned by flowing 300 volts electric current of 1.25-1.50 amperes for one to five seconds. Bleeding was performed at vertical position to minimize post-mortem changes, and the scalding tank was maintained at around 60°C for subsequent carcass processing. Samples from muscle longissimus dorsi were taken to measure moisture (%), crude protein (%), crude lipid (%), and crude ash (%) following the protocol of AOAC (1990) . WarnerBratzler shear force was measured according to Wheeler et al. (2000) , and pH was taken with a portable needle-tipped electrode (NWKbinar pH-K21, Germany) at 24-h after slaughter. Drip loss was also measured at 24-h postmortem period by weighing the sample before and after vacuum storage. Cooking loss was calculated from the weight loss after cooking for 40 min in an 80°C water bath. Water holding capacity (WHC) was measured after some adaptations from Kristensen and Purslow (2001) . One gram (g) of homogenized tissue was placed in a 2 ml centricon tube (VIDAS, France), followed by its placement in a 50 ml centrifugation tube, heated in a 70°C water bath for 30 min, and centrifuged at 100 g (Hitatchi, SCR20BA, Japan) for 10 min at 18°C room temperature. WHC was measured as the percentage of weight loss of the sample tissues after centrifugation. Objective meat colors CIE (L, a, b) were determined by a Minolta Chroma meter (CR-301, Minolta, Japan) on fresh cut surface after a 30-min blooming at 1°C. Meat color was expressed by commission and the color meter was calibrated against a white tile provided by the manufacturer.
To facilitate the joint analysis of the data from both populations, phenotypes were standardized by dividing the residual standard deviation (population specific) prior to QTL analysis. Individuals having missing marker genotypes or phenotypes were eliminated from the data set.
To generate linkage maps, a total of 121 genetic markers, mostly microsatellites, were used for the eleven Sus scrofa chromosomes (i.e. SSCs 1, 2, 3, 6, 7, 8, 9, 11, 13, 14, and 15) . Nine, 15, 12, 13, 15, 9, 7, 7, 12, 12 , and 10 markers were selected and genotyped for the respective SSCs. Among the genetic markers, 3, 3, 2, 6, 5, 4, 3, 4, 2, 3, and 4 markers on the respective SSCs were genotyped in both the KNP×LN and the KNP×YK cross populations.
Statistical analysis
Linkage map : The linkage maps were constructed for the KNP×LN, KNP×YK or joining data of the two populations. Crimap software (vs 2.4) was applied (Green et al., 1994) .The option, TWOPOINT, was initially performed to cluster the markers into different linkage groups. Subsequently, the framework map for each linkage group was established by choosing the BUILD option (Keats et al., 1991 ). The FLIPSN option was then applied to determine final linkage maps. QTL analyses : Two types of least squares interval mapping models were used for detection of QTL, i.e. with Mendelian or parent-of-origin QTL effects. For each trait, appropriate fixed factors or covariates were fitted in the models (p<0.05) using a GLM procedure in SAS (SAS 9.1, SAS Institute Inc., Cary, NC, USA.).
Firstly, the Mendelian line-cross (Mend) model was chosen as a base model, in which one QTL single-trait model was fitted at each 1 cM position (Haley et al., 1994) . Line-cross model (LC-i):
Where, y ijk is the standardized phenotype for F 2 progeny j of F 1 sire i in population k (KNP×YK or KNP×LN), X ijk and b ijk are the design matrix and solution vector for fixed effects and covariates and e ijk is a residual. Following the line-cross model of Haley et al. (1994) , coefficients α k and d k are the additive and dominance effects of breed-origin alleles at a putative QTL at the fitted position for population k, P α(ijk) for an individual is the difference between the probabilities of being homozygous for the QTL allele that originated from KNP or LN (YK), and P d(ijk) is the probability of an individual being heterozygous for line origin QTL alleles. The LC-i model was derived by dropping population interaction effects.
A full expression model as a second QTL model was formulated following Thomsen et al. (2004) and Kim et al. (2005c) :
Where, y ijk , X ijk , b ijk and e ijk are as defined previously, and α (pat)k , α (mat)k , and d k are the paternally and maternally inherited effects for population k, and dominance QTL coefficients, respectively. Coefficient P pat(ijk) is the probability of animal j inheriting a LN (YK) allele vs. a KNP allele from its sire i for population k, P mat(ijk) is the probability of animal j inheriting a LN (YK) allele vs. a KNP allele from its dam i for population k, and P d(ijk) is the probability of animal j being heterozygous. The full model was derived by dropping population interaction effects.
The next models were the paternal (Pat-i) and maternal (Mat-i) expression models, and the null model:
Paternal expression model (Pat-i):
Where, all terms were defined previously. Pat-i and Mat-i models were derived by dropping population interaction effects.
Characterization of the detected QTL were carried out using a panel of lack-of-fit tests between alternate models and, classification of QTL types, i.e. parent-of-origin or Mendelian QTL was performed according to the decision trees in Thomsen et al. (2004) . One QTL is defined to be paternally (maternally) expressed when its allelic effect is significant if inherited from the sire (dam) and nonsignificant if inherited from the dam (sire) of progeny at the same time. However, a partially expressed QTL shows allelic effects from both parents when inherited, although the magnitude of effects are differential depending on the sex of the parents, from which it was inherited.
For the joint analyses, breed origin alleles were assumed to be unique a priori. Thus, the population interaction models were used for QTL detection and for tests of parentof-origin effects. Significance of population specific QTL effects were then tested for the inferred mode of expression based on a lack of fit test between the interaction and single effect models. These tests were conducted at the 5% comparison-wise level at the best position for the inferred population-interaction model (Kim et al., 2005c) .
Significance tests
For QTL detection, empirically derived 5% chromosome-wise (CW) significance thresholds were used for each model and trait by using 10,000 permutations following Churchill and Doerge (1994) . Further, the empirically derived thresholds for Paternal (Pat) vs. Null models were also used for Full vs. Mend model as it was suggested that, for the parent of origin models, significance tests with the equal degrees of freedom had similar significance thresholds (Thomsen et al., 2004 
Where, r = ratio of distance between first and last markers on a chromosome and total genomic coverage on all 11 chromosomes. Multiple QTL were declared on a chromosome if significant effects were separated by at least 40 (30) cM for QTL significant at the 5% CW (GW) level (Kim et al., 2005d) .
RESULTS AND DISCUSSION
Linkage map
The total length of the linkage maps including eleven chromosomes were estimated as 1.59, 1.74, and 1.02 Morgan having an average marker distance of 16.1, 17.0, and 24.2 cM from joint, KNP×LN, and KNP×YK data, respectively. Marker orders were consistent across data sets, except for markers when tightly linked (results not shown). The estimated linkage map positions of the markers showed a good agreement with the previous map studies available in the public database of the USDA-MARC swine genome map (http://www.marc.usda.gov/genome/genome.html). For most chromosomes, the map lengths based on the joint and KNP×LN data were greater compared to the distances between corresponding markers in the USDA and KNP ×YS data (results not shown). Table 2 depicted a list of significant QTLs for growth and meat quality traits. A total of 23, 11, and 19 QTLs were detected in the KNP×LN, KNP×YK, and joint data at 5% CW level, respectively. Among the joint QTLs, eight QTL had population specific effects, while 11 QTL had population common effects (Tables 2 and 6 ).
Overall QTL results
In the KNP×LN cross population, the number (23) of significant QTL was much greater than that (11) in the KNP×YK cross population. When using the joint data, the number (19) of detected QTL was also greater than the number of significant QTL in the KNP×YK population. This may be partly due to the small number of available genetic markers (44) in the KNP×YK cross, and thus due to low marker informativeness in the test chromosomes.
The joint QTL analyses revealed 10 Mendelian and 9 parent-of-origin QTLs. Among the parent-of-origin QTLs, four QTL were paternally or maternally expressed, and one QTL was partially expressed (Table 3 ). In the KNP×LN (YK) cross population, 12 (7) QTLs were Mendelian expressed, and two (two), six (two), and three (zero) QTL were paternally, maternally, and partially expressed, respectively (Table 3 ).
Single population analyses
In the KNP×LN cross population, four QTLs were detected in SSC8 for moisture, crude protein, crude lipid, and shear force respectively. Also, three QTL were detected on each of SSCs 11, 14, and 15, respectively (Table 4) . Compared with Kim et al. (2007) in which the same population was used, a new QTL for live weight was detected on SSC6. However, the QTL for live weight that were detected on SSCs 7 and 14 at 5% CW and 10% GW levels respectively in Kim et al. (2007) , were not confirmed in this study. This may be partly due to different linkage maps, i.e. as two populations were combined, much longer intervals between markers were generated in the joint data on which the maps were used for QTL analyses in the KNP ×LN cross population, causing much lower marker informativeness in some QTL regions (results not shown). The QTL for ham pH 24-h that was detected at 1% CW level on SSC1 explained the greatest proportion of phenotypic variance (9.1%) in the KNP×LN cross. The QTLs for shear force, live weight, and cooking loss were also detected at 1% CW level on SSCs 3, 6, and 13, respectively (Table 4) . Except for the two QTLs for moisture and shear force on SSC7, all QTLs with Mendelian expression had complete or over dominant alleles effects. Most maternally expressed QTLs had increasing effects for Landrace alleles in the KNP×LN cross population (Table 4) . Table 2 . Number of QTL detected in the breed cross data from Landrace (LN),Yorkshire (YK),and in the joint data (Joint) on SSC 1, 2, 3, 6, 7, 8, 9, 11, 13, 14, and 15 In the KNP×YK population, 11 QTLs were detected on five chromosomes, i.e. SSCs 1, 2, 7, 8 and 14 (Table 5 ). The three Mendelian QTL for crude lipid, crude protein, and moisture were detected on SSC1 at 5% GW level. The two QTL for crude lipid and crude protein had KNP increasing additive effects and YK increasing dominance effects, and vice versa for the moisture QTL (Table 5) . Most Mendelian QTL (except for the moisture on SSC1) had complete or over dominant effects. However, no QTL for cooking loss, ham pH 24-h, or any meat color trait that was detected in the KNP×LN population, was not confirmed in the KNP×YK population (Table 5 ). This might be partly due to the use of small number of markers that were sparsely located on the test chromosomes (results not shown).
Joint population analysis
Among the 19 detected QTL in the joint data, 11 QTLs had population-common effects, while the eight QTLs were population-specific, i.e. the QTL effects were different between the two KNP-crossed populations, which was influenced by maternal (LN or YK) genetic background effects (Table 6) .
One Mend QTL for CIE a was detected on SSC7 at 5% GW level, and two Mend QTL for live weight and cooking loss were detected on SSC3 and SSC15, respectively, at 1% CW level. Some QTLs that were not detected in the individual populations were detected in the joint analysis, e.g, the QTLs for live weight on SSC3, for CIE a on SSC7, and for cooking loss on SSC15, respectively (Figures 1, 2 , and 3). These results indicate the evidence of increasing power to detect QTL when combining two populations (Kim et al., 2005c) . Rohrer et al. (2006) reported a Mend QTL for live weight in the distal region of SSC3 in a Duroc-Landrace F 2 population. We also detected a Mend QTL at 125 cM of the same chromosome in the joint data ( Figure 1 and Table 6 ). Ovilo et al. (2002) found a Mendelian QTL for CIE a that were flanked by SW2155 and SW1369 on SSC7, where the QTL for the same trait was also detected at 5% GW level in the joint data of this study (Figure 2 and Table 6 ). Rohrer et al. (2006) reported a Mend QTL for cooking loss on SSC15, and Edwards et al. (2008) also discovered a Mend QTL for the same trait in an F 2 population of DurocPietrain cross. In the similar QTL regions, we detected one QTL for cooking loss between SW1683 and SW1983 ( Figure 3 and Table 6 ).
The detection of two additive QTLs for live weight on SSC3 and SSC11 in the joint analyses indicates potentially commercial use of the KNP sires, because the KNP alleles had weight-increasing effects. This results support usefulness of an unselected breed, because of the cryptic and favorable alleles that exist in the KNP breed (Kim et al., 2005d) . Kim et al. (2007) reported Mendelian and parent-oforigin QTLs in the same population of this study. However, we genotyped additional 43 markers in the chromosomal regions of interest. Some new QTLs were detected in the joint data, while other QTLs that were detected in the KNP×LN population were not confirmed in the joint data (Tables 4 and 6 ). The limited QTL discovery in the joint data may be partially due to missing genotypes and longer marker intervals and thus lower marker informativeness in the KNP×YK cross, compared to the KNP×LN. This might cause QTL detection errors and/or biased estimates of QTL position and effect. Thus, care needs to be taken in interpreting detection and characterization of QTL.
In polygamous species, imprinting (or parent-of-origin) effect is considered to primarily affect the genes that regulate the transfer of maternal resources to offspring (Georges et al., 2007) . In this study, we found nine parentof-origin QTL in the joint data, among which six QTL had increasing effects for Landrace or Yorkshire breeds (Table  6 ). This results reflect consistent breeding schemes that have been practiced in western breeds for selecting genes with favorable effects on growth and meat quality (Cameron, 1994) .
In conclusion, by combining the two KNP sired populations, several new QTLs were detected that were not identified when the QTL analyses was performed in the single populations. These QTLs need to be confirmed in further genomic studies, which then can be incorporated into marker assisted selection programs for genetic improvement of Korean native pigs. QTL affecting growth, composition, and meat quality trait in a 
